\s=b\ Intraoperative continuous-registration length and tension curves of attached and detached eye muscles were made in 18 strabismic patients under general anesthesia. For relaxed eye muscles, we found an exponential relation between length and tension. An increased stiffness was quantified in Duane's syndrome, Graves' disease, orbital-floor fracture, and superior oblique palsy. The stiffnesses of agonist and antagonist were remarkably similar, not only in uncomplicated squint, but also when only one of the two had initially become stiffer. After intravenous administration of succinylcholine chloride, the eye muscles contracted, and the exponential length and tension curve changed into a set of straight, parallel lines. In addition, we measured stiffness in passive horizontal eye movement in awake volunteers and found 0.52 to 1.26 g/degrees (other eye in 5\ s=deg\ of adduction), confirming other published results. (Arch Ophthalmol 1986; 104:1495-1500 ength and tension characteristics of -'-"' isolated, human eye muscles have been assessed by Collins et al12 and Robinson et al.3 In these experiments, a suture from the lateral rectus ten¬ don, which was detached from the eye during strabismus surgery (under local anesthesia), was fastened to a strain gauge to measure force. The gauge was moved 2, 5, and 8 mm either way from an estimated primary-posi¬ tion length with a worm gearing between measurements to change muscle length. The patient changed innervation to the eye muscles by looking left and right at target lamps over the surgery table, using the other eye. Yet a problem remained. In the three lateral rectus muscles that were measured under local anesthesia,3 the stiffness of the muscle around the estimated, primary-position length amounted to approximately 0.7 g/ degrees. Extrapolating these data, the total stiffness for moving the globe passively in a nasal or temporal direc¬ tion should exceed 1.4 g/degrees, as the stiffness of the adnexa of the globe should be added to the two stiffnesses of lateral and medial rec¬ tus muscles.
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(Arch Ophthalmol 1986; 104:1495-1500) ength and tension characteristics of -'-"' isolated, human eye muscles have been assessed by Collins et al12 and Robinson et al. 3 In these experiments, a suture from the lateral rectus ten¬ don, which was detached from the eye during strabismus surgery (under local anesthesia), was fastened to a strain gauge to measure force. The gauge was moved 2, 5, and 8 mm either way from an estimated primary-posi¬ tion length with a worm gearing between measurements to change muscle length. The patient changed innervation to the eye muscles by looking left and right at target lamps over the surgery table, using the other eye. Yet a problem remained. In the three lateral rectus muscles that were measured under local anesthesia,3 the stiffness of the muscle around the estimated, primary-position length amounted to approximately 0.7 g/ degrees. Extrapolating these data, the total stiffness for moving the globe passively in a nasal or temporal direc¬ tion should exceed 1.4 g/degrees, as the stiffness of the adnexa of the globe should be added to the two stiffnesses of lateral and medial rec¬ tus muscles. This differs from later experi¬ ments,1 in which, in 29 volunteers, one eye was abducted or adducted from 30°of adduction to 30°of abduction (or vice versa), by grasping the limbus with a forceps equipped with a strain gauge and an ultrasound distancemeasuring device, while the other eye maintained fixation. In those experi¬ ments, total horizontal stiffness aver¬ aged 0.99 g/degrees (range, 0.77 to 1.40 g/degrees). Moreover, we recently reported on measurements of stiff¬ ness in passive cyclotorsion in eight volunteers, in which the eye was grasped with a perilimbal vacuum contact ring, mounted on a shaft equipped with an eddy-current motor and a shaft-position encoder.4·5 We found 0.55 g/degrees (range, 0.4 to 0.66 g/degrees) for stiffness in passive cyclotorsion. This also differs from the above-mentioned amount.
For analysis of strabismus surgery, we use the Robinson6 computer model.
The performance of the model has been improved by us, using a wide range of anatomical, experimental, and clinical data.7 Because uncertain¬ ty about the mechanical properties of eye muscles was a disturbing factor in the performance of the model, as men¬ tioned above, we made intraoperative continuous-registration length and tension curves of attached and detached human eye muscles in patients under general anesthesia for strabismus surgery. The measure¬ ments were repeated in some patients after administration of succinylcholine chloride and curare. In addition, we measured the stiffness in passive horizontal globe rotation in awake volunteers.
Quantified force-duction tests have been assessed previously.816 No meth¬ od, however, used continuous registra¬ tion, which made it impossible to quantify the hysteresis. Moreover, most of the measurements were in the upper force range, up to 100 g, while the tension in eye muscles is between 5 and 20 g most of the time. At lower force levels, the disturbance of the measurements by hysteresis becomes more prominent. In addition, the rota¬ tion of the eye was assessed by not very accurate methods, making a res¬ olution of 1°( equal to 0.205 mm on the Accepted for publication Jan 23, 1986 . From the Augenklinik f\l=u"\rSchielbehandlung und Neuroophthalmologie, Klinikum der Justus\x=req-\ Liebig-Universit\l=a"\tGiessen, West Germany (Drs Simonsz, Kolling, and Kaufman); and the Netherlands Ophthalmic Research Institute, Amsterdam (Dr van Dijk).
Reprints not available. in 18 patients. Essential patient data are given in Table 1 , During surgery, a length-and tension measuring device was fixed rigidly above the head of the patient. This measur¬ ing device was described previously.4-5 Briefly, it consisted of a 2-mm hardened steel shaft, suspended by precision minute ball bearings and equipped with a shaftposition encoder and an eddy-current motor. The torque generated by the eddycurrent motor in the shaft and the position of the shaft could be assessed electronical¬ ly. The frame on which it was mounted consisted of 30-mm steel posts fixed to the railing of the operating table, a 20-mm steel traverse bar above the chest of the patient, and a 20-mm steel bar that could be clamped tight in any position rectangu¬ lar to the traverse bar. The position of the part of the shaft that stuck out of the measuring device was in line with the muscle to be measured in case of a detached muscle. When the muscle was also measured while still attached to the globe, a place was chosen that ensured that the suture connecting shaft and insertion was tangent to the globe during the larger part of the measurement. In measure¬ ments of the oblique muscles, the head of the patient was rotated contralaterally, and the device was positioned such that the muscle was pulled on in a frontal plane. The head of the patient was fixed rigidly on the circular cushion of the steel head support by a wide silk plaster around the patient's forehead.
A 4-0 silk suture was passed through one of the muscles to be measured and wrapped around the shaft with a tight knot. Then the torque generated in the shaft was slowly (longer than 45 s either way) increased and decreased, exerting a pull that varied between 0 and 40 g. The proce¬ dure was then repeated after the muscle was separated from the globe. The prima¬ ry-position length could only be estimated reliably in the attached muscle, comparing the positions of the two eyes (we used a transparent drape). Accurate estimation of the primary-position length after separa¬ tion from the globe proved to be impossi¬ ble.
All patients received 6 to 14 mg of alcuronium chloride (a nondepolarizing muscle relaxant that works for~30 minutes) at the beginning of the halothane anesthesia, approximately 20 minutes before the mea¬ surements. To clarify whether any con¬ traction remained under these conditions, 4 mg of vecuronium bromide (Norcuron), a short-acting nondepolarizing muscle relax¬ ant, was injected intravenously between two sets of two identical measurements in patient 10 . In patients 5, 9, and 11, we repeated the measurements at various intervals after intravenous injection of succinylcholine chloride (a short-acting depolarizing muscle relaxant), 1 mg/kg of body weight; in patient 11 only, a dosage of 2 mg/kg of body weight had been given 30 minutes previously.
In eight awake volunteers, stiffness in passive horizontal eye movement was mea¬ sured by letting the measuring device pull a 4-0 silk suture, fixed to the edge of a perilimbal vacuum contact ring and tan¬ gential to the globe. The vacuum contact ring-has been described previously.4·5 The eye to be measured was pulled temporally while the subject fixated a fixation-mark with the other eye, which was in 5°of abduction. Hence, the eye to be measured was pulled from 5°of adduction to about 20°abduction. An xy-recorder (Hewlett-Packard 7035BXY) was used.
As the diameter of the silk suture was 0.16 mm and the diameter of the shaft was 1.998 mm, the effective radius was assumed to be 1.08 mm. The shaft-position encoder has been described previously. [4] [5] The disk of the shaft-position encoder had 1000 radial lines, and the digital counter ran from 1 to 256. Hence, one complete count equaled 92°shaft rotation or 2 X w X 256/1000 X 1.08 = 1.737 mm mus¬ cle lengthening. Although the calibration of the distance measured was thus very easy, the resulting curves were difficult to read. We therefore decided to redraw the curves, transferring values found at 1.737mm intervals or half of that interval if necessary. Calibration of the force gener¬ ated in the disk of the eddy-current motor was as described previously.4·5
The small errors resulting from the weight of the suture and the muscle were disregarded. To check for displacement of the measuring device, we let the device pull on an extra-long silk suture fixed to the steel head support, at full bar extension, which was about 1.5 times the extension used in the experiments. The displacement of the device and the stretch of the silk suture together were 0.8 mm at 40 g.
For conversion of millimeters to per¬ centage of muscle-length change and to degrees of eye rotation, the data of Lang et al" were used. They found that the average transverse diameter of the eye was 23.42 mm, and the muscle length was about 37 mm (without tendon) for all rectus mus¬ cles. Thus, 1-mm muscle-length change equals 4.89°, and 1% muscle-length change equals 1.81°. The data of Lang et al" were also used in the computer model.
RESULTS
A sample of two of the patients with uncomplicated convergent and diver¬ gent squint is depicted in Fig 1. The hysteresis is much larger in the mea¬ surement of the attached muscle because of the starting and sliding friction between globe and adnexa. Hysteresis is defined here as half of the vertical difference between the ascending and the descending limb of a curve at any one point, equal to the tension needed to overcome the slid¬ ing friction. As the measurements were performed very slowly, it seems reasonable to assume that the hyste¬ resis consisted predominately of slid- ing friction. The hysteresis was rea¬ sonably constant during any one mea¬ surement, reflecting the constancy of the sliding friction.
To get an impression of the spread of the curves, all curves of detached medial and lateral rectus muscles of patients 1 to 11 were superimposed through an arbitrarily chosen com¬ mon point at which the force was 20 g (Fig 2, top) . The similarity in stiffness of medial and lateral rectus muscles was remarkable. Stiffness is defined as the average slope of the curve. The average of all curves could be approached, after subtraction of the hysteresis (3.25 g, average, in the detached muscles), with an exponen¬ tial equation, which would be as fol¬ lows for these 11 patients with uncom¬ plicated convergent and divergent squint, assuming a muscle length of 37 mm (Fig 2, center) :
We found only a slight difference between the two sets of curves of patient 10, obtained before and after injection of vecuronium-less than 0.4 mm (Fig 2, bottom) . The ascending limb of the first curve was on the left-hand side in the group of four curves; maybe the muscle yielded dur¬ ing the first measurement. Figure 3, top, shows the curves that we obtained from inferior rectus muscles in patients with convergent squint, orbital floor fractures, and Graves' disease. Figure 3 , center and bottom, shows the curves that we obtained in patients with Duane's syndrome (lat¬ eral and medial rectus muscles) and superior oblique palsy (superior and inferior oblique muscles). The very large hysteresis in the measurements of the oblique muscles is conspicuous. The remaining two patients with Duane's syndrome and superior oblique palsy had curves similar to the two patients shown. In patients 5, 9, and 11, succinylcholine chloride, 1 mg/kg of body weight, was administered intravenously be¬ tween measurements. The resulting contraction shifted the curve to the left of the diagram and changed it into a set of almost straight, parallel lines (Fig 4) . The slopes of these lines were similar for lateral and medial rectus muscles in each patient. The constant slope value was 0.35 g/ degrees in patients 5 and 9 and 0.5 g/degrees in patient 11. Only patient 11 had received succinylcholine chlo¬ ride, 2 mg/kg of body weight, at intu¬ bation.
In passive horizontal eye move¬ ment, we found a linear relation between tension and eye rotation in all volunteers. The constant slope val¬ ues, however, differed considerably in each volunteer (Table 2) . COMMENT We found an exponential relation between length and tension of relaxed human eye muscles. Many collagenous tissues, including skeletal muscle, skin, mesentery, and sclera, obey sim¬ ilar exponential relationships be¬ tween length and tension.1820 The exponential curves for lateral and medial rectus muscles in convergent and divergent squint were almost identical, which is not consistent with the general principle that a thicker and shorter muscle (medial rectus, in this case) should be proportionately stiffer. The hysteresis (as defined in the "Results" section) that we found in measurements of attached muscles was much larger than in detached muscles. This means that the friction of the eye in the orbit is considerable.
Most of this will be sliding friction, but there may also be some starting friction. In dynamic modeling of saccades, this should be taken into account. The great friction that we found in the oblique muscles was most likely caused by pulling on the muscle in a frontal plane, which is tilted to the muscle plane of the obliques by an average of 39°.
The measurements in patient 10 confirm that the muscles were fully relaxed by alcuronium chloride and halothane anesthesia. This finding depreciates the arguments of those whose surgery is guided by the eye position or eye movements of strabis¬ mic patients under general anesthe¬ sia, although there may be differences in the anesthetics used. Halothane enhances the muscle relaxation achieved by alcuronium chloride.
The increase of stiffness in patients 12 to 18, who suffered from Graves' disease, orbital floor fracture, Duane's syndrome, and superior oblique palsy, was according to our expectations. In the patients with superior oblique palsy, the muscle may have gotten stuck in the trochlea during the measurement, or adhesions between trochlea and tendon may have been present. In all stiffer mus¬ cles, we found antagonists to be almost equally stiff. It appears that agonist and antagonist have similar stiffnesses not only under normal con¬ ditions but also when the stiffness of only one of the two is changed initially by a disease process. The malfunction- Fig 2. -Top, All left limbs of curves of detached lateral rectus (left) and medial rectus (right) muscles of patients 1 to 11 were superimposed through arbitrarily chosen common point (solid circles) at which force was 20 g. Center, Estimated averages of all detached lateral (L) and medial (M) rectus muscles were superimposed. After subtracting average hysteresis (H), equal to half of vertical distance between left and right limbs (3.25 g), curves were approximated with exponential function (E). Bottom, Patient 10. Two curves were made before (asterisks) and two curves after (solid circles) injection of 4 mg of vecuronium bromide. Calibration is as in Fig 1.   Fig 3. -Top, Length and tension curves of detached inferior rectus muscles of patients 12 (left curve), 16 and eye rotation (the relationship was linear in all volunteers). tSubject 1 had an exophoria, and the final mea¬ surement in the right eye was taken after one eye was patched for two days.
ing of the affected agonist causes lack of movement in the antagonist, result¬ ing in a secondary contracture with a stiffness similar to the stiffness of the primarily affected muscle.
Acetylcholine chloride and succi¬ nylcholine chloride cause contraction of extraocular eye muscles2125 by pref¬ erentially stimulating multiply inner¬ vated muscle fibers, a common type of muscle fiber in lower vertebrates but seen in mammalians only in the extraocular eye muscles. There are two kinds of multiply innervated mus¬ cle fibers. Amphibian-type multiply innervated fibers (type 6 in the report by Asmussen The maximum force evoked by suc¬ cinylcholine chloride at the estimated primary-position length was approxi¬ mately 25 g. Extrapolated to all four rectus muscles,7 this would corre¬ spond to an approximately 10-mm Hg retrobulbar and, hence, bulbar pres¬ sure rise, assuming an effective crosssectional area of the globe and adnexa of 7 cm2. Keeping the residual contrac¬ tion after six minutes in mind, it seems well advised to wait at least ten minutes after a succinylcholine chlo¬ ride injection before opening the eye for intraocular surgery.
Straight and parallel lines, such as those we found for succinylcholinestimulated eye muscles, were also seen in the experiments of Collins et al2 and Robinson et al. 3 In their studies, both singly and multiply innervated fibers were measured, as innervation was changed by letting the patients fixate various targets with the other eye. Moreover, straight and parallel lines were also found by Lennerstrand33 on electrical stimula¬ tion of the retractor bulbi muscle of the cat, a muscle known to contain only singly innervated muscle fibers.
It appears that stimulation of all eye muscle fibers, of multiply innervated muscle fibers, or of singly innervated muscle fibers results in linear and parallel length and tension curves.
In passive horizontal eye movement in awake volunteers, we found a linear relation between tension and eye rota¬ tion. We previously described a simi¬ lar linear relation in passive cyclotorsion.45 As in those experiments, the constant slope values differed consid¬ erably for each volunteer (Table 2) . We found an average of 0.91 g/degrees (range, 0.52 to 1.26 g/degrees), con¬ firming the report of Collins et al. 1 They found 1.048 g/degrees for pulling the eye nasally and 0.942 g/degrees for pulling the eye temporally from 30°of abduction to 30°a dduction, or vice versa (range, 0.77 to 1.40 g/ degrees), while the other eye fixated a target. If we compare these results with ours in the improved Robinson computer model, we find that they are fully compatible, as stiffness is slightly less when the eye muscles are inner¬ vated for 5°of adduction compared with 30°of adduction or abduction. We found smaller differences between contralateral eyes and be¬ tween measurements taken at differ¬ ent times. We originally thought that patient 1 had high values because of his exophoria. Exercise causes the length and tension curve to steepen. However, we found no significant change in stiffness after patching one eye for two days.
